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This study evaluated the performance of the gridded CRU TS precipitation dataset in 19 
describing the spatial and temporal characteristics of precipitation over the Three-River 20 
Headwaters Region (TRHR) during 1961-2014, and the results were compared with those 21 
derived from the point raingauge records (RGR) at 29 meteorological stations. It indicated 22 
that: (1) temporally, the TRHR has experienced a significant increasing trend in the annual 23 
precipitation during 1961-2014; (2) spatially, the mean annual precipitation (MAP) in the 24 
TRHR showed the southeast-to-northwest decreasing trend; (3) a close correlation of the 25 
MAP with elevation was found, and statistical equations to estimate the MAP derived from 26 
the gridded CRU TS dataset were established based on longitude, latitude and elevation. 27 
Through comparing the results derived from these two datasets, it is concluded that the 28 
CRU TS dataset gave a lower estimation of annual precipitation than that from the RGR 29 
data but similar variation characteristics. Moreover, the MAP values derived from the 30 
gridded CRU TS dataset could be well estimated by the equations derived from the RGR 31 
data. The results would be valuable for the researchers to make better use of this gridded 32 
precipitation dataset and have a clearer understanding of the spatio-temporal patterns of 33 
precipitation in similar high-elevation mountainous regions such as the TRHR, where 34 
ground precipitation measurements are not widely available.  35 
Keywords: Precipitation; Gridded CRU TS dataset; Point raingauge records; Three-River 36 





1. Introduction 39 
Precipitation is regarded as one of the basic components in the global energy and water 40 
cycles and has been widely used in the fields of integrated water resources management, 41 
crop water requirements prediction, and ecological environment assessment. In the past 42 
several decades, global climate change has greatly affected the water circulation and 43 
hydrological processes, which indeed caused dramatic changes in precipitation in most 44 
regions (Liu et al., 2008; IPCC, 2013; Chen and Chu, 2014; Shi and Wang, 2015; Zarch et 45 
al., 2015), and therefore, high-accuracy precipitation data seem to be necessary for studies 46 
on meteorology, hydrology, water resources and climate change. Normally, precipitation 47 
can be estimated from a variety of sources, such as the point raingauge records (noted as 48 
RGR hereafter) and the gridded datasets by interpolation and assimilation from station 49 
and/or satellite data (Dirks et al., 1998; Kistler et al., 2001; Nezlin and Stein, 2005; Mishra 50 
et al., 2011; Harris et al., 2014). Although the RGR is regarded to be relatively accurate 51 
and reliable at the point where a raingauge station locates, the density of the raingauge 52 
network is usually not high enough to accurately describe the spatial distribution and 53 
changes of precipitation. Hence, the widely-applied gridded datasets, which can provide 54 
important information about the areal estimates, are regarded to be a viable supplement for 55 
the RGR (Bosilovich et al., 2008; Li et al., 2012; Woldemeskel et al., 2013; Schneider et 56 
al., 2014). However, the inevitable errors of the precipitation estimated by the gridded 57 
datasets cannot be totally ignored because they may not be as accurate as the RGR for a 58 
designated point and include considerable uncertainties. Generally, the gridded datasets 59 




drought assessment and natural ecosystem evaluation) for the designated regions (Silva et 61 
al., 2011; Sohn et al., 2012; Shi, 2013; Lin et al., 2014; Zhu et al., 2015; Jones et al., 2016). 62 
Currently, the global gridded precipitation datasets have been developed by a number 63 
of research institutes, such as the Climatic Research Unit (CRU) at the University of East 64 
Anglia, the Global Precipitation Climatology Centre (GPCC) at Deutscher Wetterdienst 65 
and the National Oceanic and Atmospheric Administration (NOAA) (Becker et al., 2013; 66 
Schneider et al., 2014; Harris and Jones, 2015). Evaluations of these datasets have also 67 
been conducted all around the world, e.g., in China (Zhao and Fu, 2006; Ma et al., 2009; 68 
Zhu et al., 2015; Chen et al., 2016), Iberian Peninsula (Belo-Pereira et al., 2011), Iran 69 
(Khalili and Rahimi, 2014), and Caribbean (Jones et al., 2016), indicating the overall good 70 
performances of these datasets in researches on hydro-meteorological forecast and climate 71 
change in spite of certain limitations (e.g., errors). It is worth noting that, according to 72 
some of the studies focused on China (Zhao and Fu, 2006; Ma et al., 2009), better 73 
performances have been found in eastern China rather than western China for most 74 
datasets. The reason for this is that topography is totally different in eastern China (i.e., 75 
mainly plains and hills) and western China (i.e., mainly plateaus and mountains), leading 76 
to the uneven distribution of meteorological stations in eastern China and western China. 77 
Specifically, for the Tibet Plateau region, Chen et al. (2016) pointed out that the reanalysis 78 
data from the National Center for Atmospheric Research (NCAR) would reveal strong 79 
anisotropy in spatial coherence of climate variations. 80 
The Three-River Headwaters Region (noted as TRHR hereafter), which is well-known 81 
as the sources of the Yangtze River, the Yellow River and the Lantsang River, is located in 82 
the Qinghai Province in western China. With an area of 0.3 million km
2




43% of the total area of the Qinghai Province (Cao and Pan, 2014). As a plateau region, 84 
the elevation varies between 2,000 m and 6,600 m, and the mean value is over 4,000 m. 85 
Moreover, this region lies in the temperate zone, and the annual precipitation ranges from 86 
262 mm to 773 mm (Yi et al., 2013), over 80% of which occurs in the wet season from 87 
May to October (Liang et al., 2013; Shi et al., 2016a). The TRHR is particularly sensitive 88 
to climate change, which may bring serious disturbances to the ecosystem (Fan et al., 2010; 89 
Immerzeel et al., 2010; Zhang et al., 2013; Tong et al., 2014). For example, several studies 90 
(Liang et al., 2013; Yi et al., 2013; Shi et al., 2016a) have reported an increasing trend in 91 
the annual precipitation over the TRHR during the past several decades. Tong et al. (2014) 92 
indicated that the annual precipitation generally showed an increasing trend from 1990 to 93 
2012, and such trend was more obvious with significant fluctuations after 2004. However, 94 
the results in these previous studies were all obtained from the analyses of the RGR data; 95 
the application of the gridded precipitation datasets in this region cannot be found in the 96 
literature. Thus, it is important and necessary to evaluate the performances of the gridded 97 
precipitation datasets in describing the spatial and temporal characteristics of precipitation 98 
over the TRHR. 99 
To this end, this study aims to evaluate the gridded precipitation dataset with the point 100 
RGR data over the TRHR. First, the spatio-temporal patterns of precipitation over this 101 
region will be investigated using the gridded precipitation dataset and the point RGR data, 102 
respectively. Second, the relationship of precipitation derived from the gridded dataset 103 
with elevation will be analyzed. Third, with a comprehensive comparison conducted based 104 
on the obtained results, the reliability of the gridded precipitation dataset will be discussed. 105 




the results of this study will provide the more realistic and reliable analyses of the spatio-107 
temporal patterns of precipitation. For the similar high-elevation mountainous regions such 108 
as the TRHR, where ground precipitation measurements are not widely available, it is 109 
believed that other types of precipitation data (including the gridded dataset) will be more 110 
important, and this study will be helpful to provide a scientific basis for making better use 111 
of the gridded precipitation dataset. The remainder of this paper is organized as follows. 112 
Section 2 gives a brief introduction of the research data. Section 3 shows the main 113 
methodologies used in this study. The results and discussion follow in Section 4 and the 114 
final section displays the conclusions of this study. 115 
2. Research data 116 
This study employs two sources of precipitation data, including the gridded dataset and 117 
the point RGR data. The Climatic Research Unit Time-Series (noted as CRU TS hereafter) 118 
Version 3.23 dataset is selected as the representative of the gridded datasets, which can 119 
provide the month-by-month variations in climate over the period 1901-2014, on high-120 
resolution (i.e., 0.5×0.5 degree) grids (Harris and Jones, 2015). Moreover, the RGR data of 121 
37 meteorological stations available inside or around the TRHR are downloaded for free 122 
from the official website of China Meteorological Administration (China Meteorological 123 
Administration, 2016), which are at the daily time scale. 124 
2.1. The RGR data 125 
There are 37 meteorological stations available inside or around the TRHR (Fig. 1 and 126 
Table 1). As most of these stations were built in the late 1950s, only the data from 1961 are 127 




consistent. For the designated station, missing data in a certain year are interpolated using 129 
the data of the neighboring stations in the same year; however, stations with lack of data 130 
for more than twenty years are excluded directly (the blue points in Fig. 1 and the stations 131 
in italic format in Table 1). After this elimination, there are 29 meteorological stations left 132 
with complete daily observations from 1961 to 2014, among which, 17 stations are located 133 
inside the TRHR (the green points in Fig. 1 and the stations in bold format in Table 1) and 134 
the others outside. For each station, the annual precipitation can be derived from the daily 135 
values, and in order to obtain the annual precipitation over the TRHR for each year, the 136 
inverse distance weighting (noted as IDW hereafter) method (see subsection 3.2 for details) 137 
is adopted to interpolate the annual precipitation from different stations. Moreover, the 138 
yearly anomalies can be achieved by removing the long-term mean annual precipitation 139 
(noted as MAP hereafter). 140 
2.2. CRU TS Version 3.23 141 
This dataset is produced by the CRU in University of East Anglia, England, including a 142 
number of variables (e.g., cloud cover, precipitation, temperature, vapor pressure, potential 143 
evapotranspiration, and frost day frequency) at the monthly time scale from January 1901 144 
to December 2014. This dataset is derived from the daily or sub-daily observational data 145 
by National Meteorological Services and other agents. In general, station anomalies are 146 
spatially interpolated into 0.5×0.5 degree grids covering the global land surface excluding 147 
Antarctica, and combined with an existing climatology to obtain absolute monthly values. 148 
More details about data interpolation and quality assessment can be found in the studies of 149 
Harris et al. (2014) and Harris and Jones (2015). Compared to the earlier versions, this 150 




with 2014 data; however, the same methodology as for the earlier version (i.e., Version 152 
3.21) was used. 153 
Within the range of the TRHR, there are totally 153 CRU TS grids with horizontal 154 
resolution of 0.5×0.5 degree. Fig. 1 shows the distribution of these grids, and only the 155 
central point of each grid is presented in this figure. For each grid, the annual precipitation 156 
can be easily calculated as the sum of the monthly values, and the annual precipitation over 157 
the TRHR for each year can be obtained by averaging the annual precipitation of all the 158 
grids. Moreover, the yearly anomalies can be achieved by removing the long-term MAP. It 159 
is worth noting that only the data during the period 1961-2014 are used in this study 160 
according to the series length of the RGR data. 161 
3. Methodology 162 
3.1. Trend test and change point test methods 163 
A number of previous studies have proved that the Mann-Kendall trend test and the 164 
Pettitt change point test methods are useful for researches on meteorology, hydrology and 165 
sedimentology (e.g., Mu et al., 2007; Jones et al., 2015; Shi and Wang, 2015; Zhang et al., 166 
2015; Shi et al., 2016a, 2016b; Shi et al., 2017). The Mann-Kendall trend test is a non-167 
parametric rank-based statistical test that was first proposed by Mann (1945) and further 168 
developed by Kendall (1975). Then, the slope of the series can be computed using the 169 
Thiel-Sen method (Thiel, 1950; Sen, 1968). Moreover, prewhitening (von Storch and 170 
Navarra, 1995) is required to eliminate the influence of autocorrelation because such series 171 
is not applicable for the Mann-Kendall trend test method. The Pettitt change point test is a 172 




(Pettitt, 1979). When the first change point is found, the series will be divided into two 174 
subsequences; and additional change points in these subsequences may generate more 175 
subsequences. 176 
3.2. Spatial interpolation method 177 
In order to compute the spatial distribution of precipitation described by the point RGR 178 
data over the TRHR, a spatial interpolation method is necessary. Considering both the 179 
simplicity and the accuracy of interpolating meteorological variables, this study selects the 180 
IDW method (Shi et al., 2014). As a widely-used geometric method, the general form of 181 





















 (1) 183 
where N is the number of used meteorological stations, Pp is the interpolated value at the 184 
place of interest, Pi  is the value at the i-th given station, Di is the distance from the i-th 185 
given station to the place of interest, and β is the power of Di. Following common practice 186 
(e.g., Goovaerts, 2000; Mito et al., 2011; Shi et al., 2016a, 2017), this study adopted the 187 
value β to be 2, and the IDW method turns into the so-called inverse distance squared 188 
method. 189 
To match the horizontal resolution of the CRU TS dataset, the places of interest over 190 
the whole study area are defined as continuous grids with a size of 0.5 degree. For each 191 




method to get the annual precipitation at any place of interest, with which we can obtain 193 
the spatial distribution of annual precipitation over the TRHR. 194 
3.3. Normalization method 195 
In order to facilitate the evaluation of the gridded CRU TS precipitation dataset with 196 
the point RGR over the TRHR, it is better to use the normalized values rather than the 197 











 (2) 199 
where NXi is the normalized value, Xi is the i-th original value, and Xmax and Xmin are the 200 
maximum and minimum values among all the original values, respectively. 201 
3.4. Assessment criteria 202 
In order to quantify the errors of the gridded CRU TS precipitation dataset, two 203 
objective functions are used as assessment criteria, namely, Relative Error (RE) and Nash-204 
Sutcliffe Coefficient of Efficiency (NSCE) (Nash and Sutcliffe, 1970). The equations of 205 
RE and NSCE are given as follows: 206 
 



























 (4) 208 
where Xi,grid and Xi,RGR are the i-th values derived from the gridded dataset and the RGR 209 
data, respectively; 
RGR




4. Results and discussion 211 
4.1. The gridded CRU TS precipitation dataset 212 
4.1.1 Spatial-temporal characteristics of precipitation  213 
Based on the annual precipitation series (1961-2014) derived from the gridded CRU 214 
TS dataset, the trend test and change point test were conducted to investigate the temporal 215 
characteristics of the annual precipitation over the TRHR. The black dash line in Fig. 2 216 
shows the variation of the annual precipitation presented by the CRU TS dataset. It is 217 
observed that the MAP over the TRHR was 224.0 mm during 1961-2014, and the annual 218 
precipitation series showed a significant increasing trend with the change rate of 8.08 219 
mm/decade (p<0.1). Moreover, the result of change point test showed that the change point 220 
was found in 1997 at the significance level of 0.1 (Table 2). However, no additional 221 
change points were found in the two subsequences; and therefore, the annual precipitation 222 
series was divided into two parts, namely, 1961-1997 and 1998-2014, respectively. The 223 
two grey dash lines showed the MAP of the two subsequences (Fig. 2). The MAP was 224 
213.7 mm during 1961-1997, which was a little smaller than the long-term mean value (i.e., 225 
224.0 mm); moreover, a non-significant increasing trend with the change rate of 0.39 226 
mm/decade was found in this period (p>0.1). By contrast, the MAP reached 246.5 mm 227 
during 1998-2014, which was much larger than the long-term mean value (i.e., 224.0 mm); 228 
moreover, a non-significant increasing trend with the change rate of 2.53 mm/decade was 229 
found in this period (p>0.1). 230 
With reference to the spatial characteristics of the annual precipitation over the TRHR 231 




precipitation of each year. Fig. 3 shows the spatial distribution of the MAP in each grid 233 
over the TRHR during 1961-2014. Generally, the MAP showed the southeast-to-northwest 234 
decreasing trend over this region, with the highest value of 404.4 mm at the southeastern 235 
edge of this region and the lowest value of only 88.1 mm at the northwestern edge. The 236 
highest value was more than four times larger than the lowest one. The reason for this is as 237 
follows: the TRHR lies in a typical plateau continental monsoon region where precipitation 238 
is mainly dominated by the South Asian Monsoon (noted as SAM hereafter) (Yu et al., 239 
2009; Boos and Kuang, 2010; Cao and Pan, 2014); moreover, it is located in the north of 240 
the Tibetan Plateau, the mountainous topography of which may play an important role in 241 
blocking a proportion of the moisture delivered by the SAM from the Indian Ocean. As a 242 
result, for a designated location in the TRHR, there will be less precipitation if it is farther 243 
from the Indian Ocean, leading to the south-to-north decreasing trend over this region. In 244 
addition, Liang et al. (2013) reported that the climate in the TRHR can also be influenced 245 
by the East Asian Monsoon, which may cause the east-to-west decreasing trend over this 246 
region. Moreover, the spatial distribution of the change rate of the annual precipitation in 247 
each grid over the TRHR during 1961-2014 was shown in Fig. 4. It is clear that the annual 248 
precipitation of all the 153 grids presented the increasing trends, with the highest change 249 
rate (14.6 mm/decade, p<0.01) in the central part (near the Maduo station) and the lowest 250 
change rate (2.37 mm/decade, p<0.05) at the northwestern edge (near the Wudaoliang 251 
station). It is worth noting that only the trends of 6 grids were statistically non-significant 252 
(p>0.1), and three of them were located in the east part of the TRHR and the other three 253 
were located in the west part (Fig. 4), which can be explained by different reasons. The 254 










 highest of all the 153 256 







 lowest of all the 153 grids, respectively), while the non-258 
significant trends of the other 3 grids were mainly due to the quite low change rate (i.e., 259 






 lowest of all the 153 grids, 260 
respectively) and relatively higher MAP (i.e., 163.7, 118.6 and 140.4 mm) than those of 261 
the rest of the top ten (i.e., the highest MAP of the other 7 grids was only 103.4 mm). 262 
4.1.2 Relationship between precipitation and elevation  263 
The changing characteristics of precipitation along with elevation change have been 264 
reported by previous studies (Schermerhorn, 1967; Goovaerts, 2000; Chu, 2012; Shi, 2013; 265 
Shi et al., 2016a). In order to analyze the relationship between precipitation derived from 266 
the gridded CRU TS dataset and elevation over the TRHR, the Advanced Spaceborne 267 
Thermal Emission and Reflection Radiometer (ASTER) Global DEM dataset (ASTER 268 
GDEM Validation Team, 2009, 2011) was used in this study. The original grids with the 269 
horizontal resolution of 30×30 m were aggregated to grids with a size of 0.5 degree, which 270 
could match the horizontal resolution of the CRU TS dataset and be used to compute the 271 
average elevation of each grid. 272 
Fig. 5 shows the relationship between the MAP and elevation in each grid over the 273 
TRHR during 1961-2014. It is clear that the 153 grids could be divided into two groups, 274 
and the cutoff value should be 3,800 m in this region according to our previous study (Shi 275 
et al., 2016a). Group I included 22 grids with the elevations lower than 3,800 m, mainly 276 




higher than 3,800 m were regarded as Group II. In order to obtain the more significant 278 
trends for these two groups, some grids with the elevations lower than 3,000 m or higher 279 
than 5,000 m (i.e., the hollow circles in Fig. 5) were considered as outliers in this study. 280 
For the grids with elevations lower than 3,000 m (2 in total), local climate may be 281 
influenced by human activities more easily; while for the grids with elevations higher than 282 
5,000 m (18 in total), the dominant factors which can influence local climate may be quite 283 
different (Curio and Scherer, 2016; Huang et al., 2016). As a result, there were 20 grids left 284 
in Group I and 113 grids left in Group II, respectively. The MAP values of the selected 285 
grids in Group I increased along with elevation increase, and the change rate was 185 286 
mm/km (R
2
 = 0.42). In contrast, for the selected grids in Group II, an inverse correlation 287 
was found between the MAP and elevation (i.e., -187 mm/km, R
2
 = 0.36). In addition, the 288 
geographical location (i.e., longitude and latitude) is regarded as an important factor in 289 
influencing precipitation, and therefore, the longitude and latitude of the selected grids 290 
were also taken into account to establish better relationship between precipitation and 291 
elevation. The statistical equations to estimate the MAP derived from the gridded CRU TS 292 
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 (5) 295 
where P denotes the MAP (mm), X and Y denote the longitude and latitude of each grid, 296 
and Z denotes the elevation of each grid (m). The R
2
 values were quite high, which were 297 
0.99 for Group I and 0.84 for Group II, respectively. Equation (5) indicated that the MAP 298 




south-to-north decreasing trends over the TRHR, which were consistent with the analyses 300 
in subsection 4.1.1 (Fig. 3). However, it is worth noting that the coefficient of Z for Group 301 
I was a negative number, which was inconsistent with the previous analyses. The reason 302 
for this is as follows: elevation information can be implied in the geographical location 303 
(i.e., longitude and latitude) to some extent; and therefore, the coefficients of X and Y may 304 
partly represent the impact of elevation on the MAP over the TRHR, accordingly affecting 305 
the coefficient of Z. 306 
Fig. 6 shows the comparison of the MAP values estimated by equation (5) and the 307 
observations in each grid of the CRU TS dataset. It is worth noting that the results of the 308 
grids in Group I were much better than those in Group II. All the RE values of the grids in 309 
Group I were within ±20%, and the largest RE value was only -3.2%. In contrast, there 310 
were 101 grids (113 in total) in Group II having the RE values within ±20%, and the 311 
largest RE value reached -56.3%. Moreover, the large RE values mainly appeared in the 312 
grids with high elevations, i.e., larger than 4,700 m. The RE values of the outliers (i.e., 2 313 
grids with elevations lower than 3,000 m and 18 grids with elevations higher than 5,000 m) 314 
were also computed using equation (5) although they were not used for regression, and the 315 
results were shown in Fig. 6 (i.e., the hollow circles). The RE values of 12 grids (20 in 316 
total) were within ±20%, and the largest RE value was -45.8%, which indicated the overall 317 
good performance of equation (5) in estimating the MAP values of the outliers. 318 
4.2. The RGR data 319 
In our previous study (Shi et al., 2016a), the annual precipitation series (1961-2014) 320 




precipitation over the TRHR. However, in order to obtain the annual precipitation over the 322 
TRHR for each year, the Thiessen polygon method (Thiessen and Alter, 1911; Brassel and 323 
Reif, 1979) was adopted in our previous study to interpolate the annual precipitation from 324 
different stations. In contrast, this study employs the IDW method, which can present 325 
smoother and more accurate interpolation results than the Thiessen polygon method 326 
(Goovaerts, 2000; Shi et al., 2014). Thus, there are a few differences between the results of 327 
this study and our previous study. 328 
The black solid line in Fig. 2 shows the variation of the annual precipitation presented 329 
by the RGR data at the 29 meteorological stations. As shown in Table 2, the MAP was 330 
406.0 mm over the TRHR during 1961-2014, which was a little smaller than that in our 331 
previous study (i.e., 423.0 mm) but much larger than that derived from the gridded CRU 332 
TS dataset (i.e., 224.0 mm). The annual precipitation series showed a significant increasing 333 
trend with the change rate of 6.82 mm/decade (p<0.1), and only one change point was 334 
found in 2002 at the significance level of 0.1. As a result, the annual precipitation series 335 
was divided into two parts (i.e., 1961-2002 and 2003-2014). The two grey solid lines in Fig. 336 
2 showed the MAP of the two subsequences. The MAP during 1961-2002 was 397.0 mm, 337 
showing a decreasing trend with the change rate of -2.45 mm/decade, while the MAP 338 
during 2003-2014 was 437.5 mm, showing a significant increasing trend with the change 339 
rate of 18.6 mm/decade. 340 
Furthermore, the MAP in each station located inside the TRHR was calculated through 341 
averaging the annual precipitation of each year during 1961-2014 (Fig. 3). It is observed 342 
that the Jiuzhi station, which locates at the southeastern edge of this region, had the highest 343 




part of this region, namely, the Tuotuohe station (294.8 mm) and the Wudaoliang station 345 
(291.9 mm) in the northwest, and the Guizhou station (255.6 mm) in the northeast. 346 
However, the MAP over the TRHR also showed the overall southeast-to-northwest 347 
decreasing trend, the same as that presented by the gridded CRU TS dataset. The spatial 348 
distribution of the change rates of the annual precipitation in the 17 stations located inside 349 
the TRHR during 1961-2014 was also shown in Fig. 4. The annual precipitation in 15 350 
stations presented the increasing trends, and the trends in 9 stations of them were 351 
statistically significant (p<0.1). Among them, the Wudaoliang station had the highest 352 
change rate (19.0 mm/decade, p<0.01), followed by the Qumalai station (15.63 mm/decade, 353 
p<0.01) and the Maduo station (15.57 mm/decade, p<0.01). However, the annual 354 
precipitation of the remaining 2 stations presented the decreasing trends, among which, 355 
only the trend in the Henan station was statistically significant (-11.06 mm/decade, p<0.1). 356 
4.3. Comparison of the results derived from the two datasets 357 
4.3.1 Annual precipitation series 358 
As shown in Fig. 2 and Table 2, the annual precipitation values derived from the CRU 359 
TS dataset were much smaller than those derived from the RGR data, although the same 360 
trends were found in these two annual precipitation series. Table 3 lists the results of the 361 
RE analysis for the annual precipitation series derived from these two datasets over the 362 
TRHR during 1961-2014. Generally, the RE values varied from -50% (in 1999) to -36% 363 
(in 2007) except the year 2002, which had the smallest RE value of only -9%, and the 364 
mean RE value was -45% during 1961-2014 (except 2002). Fig. 7 shows the relationship 365 




during 1961-2014, in which the point represented the year 2002 was far away from those 367 
represented other years. Excluding this point, the relationship could approximately be 368 
expressed using the linear regression method as follows: 369 
 0.55CRU TS RGRP P=  (6) 370 
where PCRU TS denotes the annual precipitation derived from the gridded CRU TS dataset 371 
(mm) and PRGR denotes the annual precipitation derived from the point RGR data (mm). 372 
The high R
2
 value (0.77) indicated the good performance of this linear regression equation. 373 
Nevertheless, the variations of the annual precipitation series derived from the CRU TS 374 
dataset and the RGR data were greatly similar. Fig. 8a shows the anomalies of the annual 375 
precipitation series derived from these two datasets over the TRHR during 1961-2014, 376 
which indicated that the dash line could basically overlap the solid line except 2002. To 377 
facilitate the evaluation of the performance of the gridded CRU TS precipitation dataset, 378 
the normalized anomalies of the annual precipitation series derived from these two datasets 379 
were computed for comparison, and Fig. 8b shows the relevant result. The scattered points 380 
were almost distributed near the 45° line, and the NSCE value was 0.76. It indicated that 381 
the normalized anomalies of the gridded CRU TS dataset could well match those of the 382 
RGR data, and the annual precipitation derived from these two datasets had the similar 383 
variation characteristics during 1961-2014. 384 
Moreover, for either of these two datasets, the MAP value during the period after the 385 
change point was much larger than before (Table 2), i.e., with the increment of 32.8 mm 386 
for the gridded CRU TS dataset and 40.5 mm for the RGR data, respectively. In addition to 387 




other reasons for this may be as follows: first, the policies of the Grain to Green Program 389 
and Natural Forest Conservation Program in China started from 1999, and were fully 390 
implemented from 2002. In particular for the TRHR, the Ecological Protection and 391 
Reconstruction Program which started from 2005 has significantly changed the underlying 392 
surface conditions and affect the water circulation and hydrological processes in this region 393 
(Shi et al., 2016b). Shao et al. (2010) showed that the land cover condition in the TRHR 394 
was experiencing the ameliorative stage from 2004 to present. Second, the policy of the 395 
Artificial Precipitation Program in the TRHR began from 2005, almost covering the whole 396 
TRHR. Therefore, the MAP values during the period 2005-2014 were even larger, namely, 397 
248.0 mm the gridded CRU TS dataset and 439.8 mm for the RGR data, respectively. 398 
4.3.2 The MAP and change rate in each station and the corresponding grid 399 
From Figs. 3 and 4, it is clear that the location of each station for the RGR data can 400 
correspond to a grid for the CRU TS dataset. Therefore, the MAP and change rate in each 401 
station (i.e., the values out of parentheses) and the corresponding grid (i.e., the values in 402 
parentheses) can be obtained, and the comparison results are listed in Table 4. Generally, 403 
the RE values of the MAP varied from -64% (in the Wudaoliang station) to -18% (in the 404 
Qiaboqia station) except the Guizhou station, which had the positive RE value of 10%. The 405 
mean RE value was -40% for all the 17 stations, and if excluding the RE value of the 406 
Guizhou station, the mean RE value for the remaining 16 stations would be -43%, which 407 
was close to the mean RE value of the annual precipitation series (i.e., -45%) obtained in 408 
subsection 4.3.1. Moreover, the relationship between the RE values of the MAP and 409 
elevation for each station located inside the TRHR and the corresponding grid was 410 






 value for this linear regression was high (i.e., 0.71). In contrast, the RE values of the 412 
change rate seemed to be much larger, which varied from -196% (in the Jiuzhi station) to 413 
246% (in the Yushu station). The results indicated the significant differences between the 414 
change rates derived from the CRU TS dataset and the RGR data. 415 
Furthermore, based on the statistical equations to estimate the MAP derived from the 416 
RGR data proposed by Shi et al. (2016a) and equation (6) in this study, the MAP in each 417 
grid corresponding to the station located inside the TRHR could be estimated as follows: 418 
 
24.43 33.85 0.106 1362, 3800
10.88 48.82 0.014 910, 3800
CRU TS
X Y Z Z m
P
X Y Z Z m
− + − <
= 




 (7) 419 
Table 5 lists the comparison of the MAP values estimated by equations (5) and (7) for 420 
each grid corresponding to the station located inside the TRHR. It is observed that the 421 
results obtained from equation (5) were generally better than those obtained from equation 422 
(7). By using equation (5), the RE values of 16 grids (except the grid corresponding to the 423 
Wudaoliang station) were within ±20%, and the largest RE value was 25.1%; while there 424 
were only 14 stations having the RE values within ±20% by using equation (7), and the 425 
largest RE value was -39.9%. However, the largest RE value by using equation (7) was not 426 
quite large, which indicated that the MAP values derived from the gridded CRU TS dataset 427 
could be well estimated by using equation (7) which was derived from the RGR data. 428 
5. Conclusions 429 
This study evaluated the gridded CRU TS precipitation dataset with the point RGR 430 
over the TRHR during 1961-2014. The temporal trends and spatial distributions of 431 




of precipitation derived from the gridded dataset with elevation was analyzed. Moreover, 433 
the obtained results were comprehensively compared and discussed. The significances of 434 
this study can be summarized as follows. 435 
First, for both datasets, the annual precipitation presented a significant increasing trend 436 
(p<0.1) in the TRHR during 1961-2014, and the spatial distribution of the MAP over this 437 
region had the southeast-to-northwest decreasing trend. Second, for the CRU TS dataset, 438 
the annual precipitation recorded at all the grids presented the increasing trends, and a low-439 
to-high increasing trend in the MAP was found for grids with the elevations below 3,800 m 440 
but an inverse correlation for grids with the elevations above 3,800 m; moreover, statistical 441 
equations which integrated longitude, latitude and elevation were established to estimate 442 
the MAP derived from the gridded CRU TS dataset over this region. Third, through 443 
comparing the results derived from the two datasets, we found that the annual precipitation 444 
values derived from the CRU TS dataset were much smaller than those derived from the 445 
RGR data, although the two series had the similar variation characteristics during 1961-446 
2014. Finally, the MAP values derived from the gridded CRU TS dataset could be well 447 
estimated by using the equations derived from the RGR data. 448 
This study contributed to provide a scientific basis for the utilization of the gridded 449 
precipitation dataset in high-elevation mountainous regions such as the TRHR, which will 450 
be valuable for handling the water-related issues in the future, e.g., integrated water 451 
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Fig. 1 The distribution of the CRU TS grids with the horizontal resolution of 0.5×0.5 621 






Fig. 2 The annual precipitation series derived from the CRU TS dataset and the RGR data 625 
over the TRHR during 1961-2014. Note: The horizontal lines in grey show the 626 
mean annual precipitation of the subsequences for the CRU TS dataset (dash) and 627 






Fig. 3 Spatial distribution of the mean annual precipitation in each grid or station over the 631 
TRHR during 1961-2014. Note: The values out of parentheses are derived from the 632 
RGR data, and the values in parentheses are derived from the CRU TS data in the 633 






Fig. 4 Spatial distribution of the change rate of the annual precipitation in each grid or 637 
station over the TRHR during 1961-2014. Note: The values out of parentheses are 638 
derived from the RGR data, and the values in parentheses are derived from the 639 






Fig. 5 Relationship between the mean annual precipitation and elevation in each grid over 643 






Fig. 6 Comparison of the MAP values estimated by equation (5) and the observations in 647 







Fig. 7 The relationship between the annual precipitation series derived from the CRU TS 652 






Fig. 8 (a) The anomalies of the annual precipitation series derived from the CRU TS 656 
dataset and the RGR data over the TRHR during 1961-2014; (b) The relationship 657 






Fig. 9 Relationship between the RE values of the MAP and elevation for each station 661 





Table 1. General information of the meteorological stations over the TRHR 664 









Qiaboqia QBQ 100.62 36.27 2835 1953-2014 
Guizhou GZ 101.43 36.03 2237 1956-2014 
Wudaoliang WDL 93.08 35.22 4612 1956-2014 
Xinghai XH 99.98 35.58 3323 1960-2014 
Tongde TD 100.65 35.27 3289 1954-1998 
Tuotuohe TTH 92.43 34.22 4533 1956-2014 
Zaduo ZD 95.30 32.90 4066 1956-2014 
Qumalai QML 95.78 34.13 4175 1956-2014 
Yushu YS 97.02 33.02 3681 1951-2014 
Maduo MD 98.22 34.92 4272 1953-2014 
Qingshuihe QSH 97.13 33.80 4415 1956-2014 
Zhongxinzhan ZXZ 99.20 34.27 4211 1959-1997 
Dari DR 99.65 33.75 3968 1956-2014 
Henan HN 101.60 34.73 3519 1959-2014 
Jiuzhi JZ 101.48 33.43 3629 1958-2014 
Nangqian NQ 96.48 32.20 3644 1956-2014 
Banma BM 100.75 32.93 3503 1960-2014 
Seda SD 100.33 32.28 3929 1961-2014 
Suoxian SX 93.78 31.88 4023 1956-2014 
Dingqing DQ 95.60 31.42 3873 1954-2014 
Maqu MQ 102.08 34.00 3471 1967-2014 
Shiqu SQ 98.10 32.98 4086 1960-2014 
Anduo AD 91.10 32.35 4800 1965-2014 
Xiaozhaohuo XZH 93.68 36.80 2767 1960-2014 
Gangcha GC 100.13 37.33 3321 1957-2014 
Geermu GEM 94.9 36.42 2807.6 1955-2014 
Nuomuhong NMH 96.42 36.43 2790 1956-2014 
Dulan DL 98.10 36.30 3191 1954-2014 
Chaka CK 99.08 36.78 3088 1955-2000 
Guinan / 100.75 35.58 3150 1999-2014 
Zeku / 101.47 35.03 3663 1957-1990 
Tongren / 102.02 35.52 2491 1991-2014 
Zhiduo / 95.6 33.85 4179 1961-1990 
Guoluo / 100.25 34.47 3719 1991-2014 
Leiwuqi / 96.60 31.22 3810 1991-2014 
Shiquluoxu / 98.00 32.47 3399 1960-1981 
Aba / 101.7 32.90 3275 1954-1990 
Note: (1) Stations in bold format are located inside the TRHR. (2) Stations in italic format 665 





Table 2. Results of trend and change point tests for the annual precipitation series derived 668 









CRU TS 1997 
1961-2014 224.0 8.08 
1961-1997 213.7 0.39 
1998-2014 246.5 2.53 
RGR 2002 
1961-2014 406.0 6.82 
1961-2002 397.0 -2.45 





Table 3. Results of the RE analysis for the annual precipitation series derived from the 671 
CRU TS dataset and the RGR data over the TRHR during 1961-2014 672 
Maximum Minimum Minimum (except 2002) 
Mean (except 2002) 
Value Year Value Year Value Year 






Table 4. Comparison of the MAP values and change rates for each station located inside 675 




MAP (mm) Change rate (mm/decade) 
RGR CRU TS RE (%) RGR CRU TS RE (%) 
QBQ 2835 318.9 261.5 -18 6.33 11.40 80 
GZ 2237.1 255.6 281.3 10 3.21 9.36 192 
WDL 4612.2 291.9 105.4 -64 19.00 3.51 -82 
XH 3323.2 365.7 234.1 -36 9.62 11.91 24 
TD 3289.4 442.8 280.5 -37 10.67 11.46 7.5 
TTH 4533.1 294.8 148.6 -50 11.00 5.00 -55 
ZD 4066.4 537.7 246.6 -54 7.56 8.97 19 
QML 4175 416.3 194.0 -53 15.63 10.11 -35 
YS 3681.2 489.0 311.2 -36 2.25 7.79 246 
MD 4272.3 322.3 225.9 -30 15.57 13.28 -15 
QSH 4415.4 519.4 238.7 -54 9.04 10.44 15 
ZXZ 4211.1 460.4 274.5 -40 4.21 12.31 192 
DR 3967.5 555.9 301.0 -46 9.33 9.93 6.4 
HN 3519 584.1 318.0 -46 -11.06 7.64 -169 
JZ 3628.5 745.9 404.3 -46 -5.00 4.82 -196 
NQ 3643.7 538.8 316.2 -41 10.43 7.35 -30 
BM 3503 663.5 394.8 -40 4.56 6.57 44 





Table 5. Comparison of the MAP values estimated by equations (5) and (7) for each grid 679 
corresponding to the station located inside the TRHR 680 
Station MAP (mm) 
Equation (5) Equation (7) 
MAP (mm) RE (%) MAP (mm) RE (%) 
QBQ 261.5 227.3 -13.1 157.2 -39.9 
GZ 281.3 277.4 -1.4 303.4 7.8 
WDL 105.4 131.8 25.1 136.2 29.3 
XH 234.1 231.6 -1.1 211.7 -9.6 
TD 280.5 272.1 -3.0 251.8 -10.2 
TTH 148.6 162.8 9.5 180.3 21.3 
ZD 246.6 260.3 5.6 280.5 13.8 
QML 194.0 213.1 9.8 214.4 10.5 
YS 311.2 289.9 -6.8 300.1 -3.6 
MD 225.9 236.6 4.7 219.2 -3.0 
QSH 238.7 257.9 8.1 256.4 7.4 
ZXZ 274.5 271.4 -1.1 254.0 -7.5 
DR 301.0 298.2 -0.9 283.6 -5.8 
HN 318.0 327.4 3.0 329.3 3.6 
JZ 404.3 354.8 -12.3 334.0 -17.4 
NQ 316.2 309.7 -2.0 326.3 3.2 
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